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It is shown that direct measurements of the phase and frequency of the electrical 
signal at the interferometer output yield an increase in the sensitivity and ac- 
curacy with which the propagation speed of acoustic waves in a medium can be de- 
termined. 

Acoustical interferometry methods are now coming into wider use for measuring and monit- 
oring the properties of materials. The most sensitive and accurate of these are methods based 
on determining the propagation speed and absorption coefficient for acoustic waves in the 
resonator cavity of an interferometer by measuring the parameters of its amplitude-frequency 
and phase-frequency curves (see, for example, [i]). However, the capabilities of these meth- 
ods are limited because of the use of a harmonic input voltage and the requirement that the 
medium be stationary during the time necessary for measuring these interferometer character- 
istics. As shown below, the region where acoustic interferometers may be used can be made 
significantly larger by turning to direct measurements of the phase and frequency of the out- 
put electrical signal. 

We shall first discuss the case when the homogeneous medium under study filling the res- 
onator cavity of an acoustic interferometer with a harmonic input voltage is in a stationary 
state. Using the method presented in [2], the following expression can be obtained for the 
phase ~j(w, v) of the electrical signal at the interferometer output with one (j = i) or two 
(j = 2) flat, linear electroacoustic transducers: 
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If the propagation speed of the waves in the resonator cavity increases by thedifferential 
Av0, the phase ~j(m, v 0) changes by A~j(m, v0, Av0). Obviously, if the quantities Av 0 and 
A~j(m, v0, Av0) are small, the relationship between them can be described by the equation 
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where [see Eq. (i)] 
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Starting from Eq. (i), it can be shown that function (3) is related to the slope 8~j(m, v)/~ 
of the phase-frequency curve (PFC) in the following way: 

0~;(o ,  v )  _ 0%(~,  v) ~ [ I + F ( ~ ,  v)], ( 4 )  
0v &o v 

where IF(m, v)] is, as a rule, much less than unity for weakly absorbing media. For example, 
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f o r  a t w o - t r a n s d u c e r  i n t e r f e r o m e t e r .  I t  i s  o b v i o u s  f rom t h e  l a t t e r  e x p r e s s i o n  t h a t ,  f o r  med ia  
similar to water, IF(u, v) I << 2"i0 -s at a frequency f - i MHz. 

Using (3) and (4) with IF(u, v) I << i, Eq. (2) takes the form 

A% (o,, Vo, Avo) - 0% (~o, Vo) o AVo. ( 5 )  
0~ v 0 

E q u a t i o n  (5)  can  be u s e d  t o  d e t e r m i n e  t h e  s i z e  o f  s u f f i c i e n t l y  s m a l l  (~L lav01v0  -2 << ~) d i f -  
f e r e n t i a l s  i n  t h e  p r o p a g a t i o n  s p e e d  Av 0 o f  t h e  a c o u s t i c  waves  f rom t h e  change  in  t h e  p h a s e  
o f  t h e  i n t e r f e r o m e t e r  o u t p u t  s i g n a l ,  A~j(m, v0 ,  Av0) ,  and t h e  s l o p e  o f  i t s  PFC 8 ~ j ( ~ ,  v 0 ) / 3 ~ .  
S i n c e  t h e  s l o p e  o f  t h e  PFC i s  maximum f o r  v a l u e s  o f  L and m s a t i s f y i n g  t h e  c o n d i t i o n  y ( ~ ,  
v0)  = ~(mn, v0)  = 2~n (n = 1, 2, . . . ) ,  t h e  s e n s i t i v i t y  o f  t h e  p h a s e  ~ j ( ~ n ,  v0)  o f  t h e  o u t p u t  
signal to a change in velocity will be the highest in this case. Thus, from Eqs. (3) and 
(5) with y(m, v0) = 7(~n, v0), we find that 

A%(~, ,  v o, Avo).-- I + R  ~o,~L Avo 

f o r  a t w o - t r a n s d u c e r  i n t e r f e r o m e t e r ;  f rom t h i s ,  i t  f o l l o w s  t h a t  t h e  s e n s i t i v i t y  w i t h  which  
av0 can  be d e t e r m i n e d  by t h e  p h a s e  i n t e r f e r o m e t r i c  m e a s u r e m e n t s  i s  a f a c t o r  o f  (1 + R ) / ( 1  - 
R) greater than that for the traveling wave mode (R = 0) at the same frequency with the same 
measuring system baseline. For example, with f = 1 MHz, rl = r2 = i, L = 10 -2 m, ~ = 2.3. 
i0 -2 m -l (forwater) then (i + R)/(I - R) = 4-103. 

The method for determining small differentials in the propagation speed of acoustic 
waves based on direct interferometric phase measurements can also be used for a nonstation- 
ary medium. 

Suppose that the propagation velocity of the waves in the interferometer resonator cav- 
ity varies with time according to the linear law v(t) = v0 + bt. It can then be shown that 
for a sufficiently small value of Ibl (Ib{t << v0 and ~Llbltv0 -2 << ~ over the entire dura- 
tion of the measurements), the differential change in the phase of the electrical signal, 
A~j(~, v(t) - v0), will be related to the velocity v(t) in the following way (as long as 
IA*j(m, v(t) -v0)l << 11): 

A~j(~, v ( t ) - -  vo) 0 , j (o ,  ~o) ~ [v (t) - -  Vo]. (6 )  
&o Vo 

and the value of the parameter b will determine the value of the frequency of the electrical 
signal m' at the transducer output: 

~, = % O~.j (~, vo) ~o b. ( 7 )  
Oto v o 

From Eqs. (6) and (7), it is evident that it is possible to determine both the instant- 
aneous value of the velocity v(t) and the parameter b which determines its rate of change, 
knowing the initial velocity v0, the frequency of the input voltage ~, and the slope of the 
interferometer PFC 8~j(m, v0)/8~. 

Obviously, if the variation in the parameter b = b(t) is sufficiently slow (i.e., Idb(t)/ 
dtI~ << Ib(t)[, where �9 = 2L/v0(1 -R 2) is the time for which the acoustic impulse exists 
in the resonator cavity), the relation between the output frequency m'(t) and the parameter 
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b is (under the conditions formulated above) given by an expression analogous to Eq. (7), 
and it is sufficient to determine the phase differential A~j(~, v(t) - v 0) by integrating the 

frequency shift (h~j(~, v(t) --v 0) = ~A~'(t~)dt ~) and then use Eq. (6) to determine the vel- 
0 

ocity v(t). 

The possibility of using direct interferometric phase and frequency measurements 
to obtain information on the acoustical parameters of the medium with a harmonic probe signal 
pointed out above indicates that broadening the frequency spectrum of the interferometer inDut 
voltage leads to an increase in the information content of the measurements. We shall demon- 
strate this using an acoustic interferometer with two linear transducers as an example. 

Suppose that a harmonic, frequency-modulated voltage of the form 

U : : u o e x p  - - i  O o t + - - ~ - -  

in complex notation is fed to the input of such an interferometer. 

Upon using the Fourier-Bessel series expansion [3] of function (8) and the method in [2], 
the following expression describing the voltage U' at the interferometer output can be ob- 
tained: 

-S 
where U~ is a constant which is independent of time. As is evident from Eq. (9), the ampli- 
tude and frequency of the output signal are, in general, oscillatory functions of the frequency 
deviation Am 0 and the modulation frequency ~ of the input voltage, and the form of these 
functions is determined by the value of the parameter z = gL/v0. 

The case where 

( l + 4 m )  ( m = 0 ,  1 ,2 ,  . .) (10) g ~ Zra ~ ~ 

is of the greatest interest. 

If the frequency deviation of the input voltage A~ 0 is sufficiently small (Aw 0 << ~), 
the following expressions for the amplitude u0' and frequency m'(t) of the electrical signal 
at the output of the interferometer transducer can be obtained from Eq. (9) provided that 
condition (i0) is satisfied and y(m0, v0) = 7(Wp, V0) = (2p + i)~ (p = 0, i, 2 .... ): 

lUll (1L) u~= 1+----~' 

~' (t) = up -k 1 +____~R A% sin ~t. (12)  
1 - - R  

I t  f o l l o w s  from (11) and (12) t h a t  under  t h e  c o n d i t i o n s  men t ioned  above t h e r e  i s  no amp- 
l i t u d e  m o d u l a t i o n  of  t h e  i n t e r f e r o m e t e r  o u t p u t  v o l t a g e ,  and t h e  f r e q u e n c y  d e v i a t i o n  o f  t h i s  
v o l t a g e  i s  a f a c t o r  o f  (1 + R ) / ( 1  - R) g r e a t e r  t h a n  t h e  i n p u t .  

I f  t h e  m o d u l a t i o n  f r e q u e n c y  of  t h e  i n p u t  v o l t a g e  c o r r e s p o n d s  t o  a z - v a l u e  such t h a t  
z - Zm = v, Iv I << ~, a m p l i t u d e  m o d u l a t i o n  in  t h e  i n t e r f e r o m e t e r  o u t p u t  v o l t a g e  s e t s  in  a t  a 
f r e q u e n c y  e q u a l  t o  t h e  i n i t i a l  i n p u t - s i g n a l  m o d u l a t i o n  f r e q u e n c y :  

Uo(t ' ~) = IUol 1 + v  s i n ~ t  . ( 1 3 )  
1-I-R Q ( l - - R )  3(1--I-R) 

In this case, the output-voltage frequency is given by the function 

~o'(t, v):-=~op-~- 1-[-_____~R. A~Oo (sinQt...F v l ~_______RR cosQt) . (14) 
1 - - R  1 - - R  , 
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Taking Eq. (13) into account, we obtain 

~(~) = 8[~[ A(oo R ( !  .I- R ~) ( l S )  
(1 - -  R)  ~ (~ + R) 

for the amplitude modulation parameter 

lu o (t, ~ ) l~a~--I";  U, ~)fm.~ 
(~) = "o (t, o) _ 

Introducing the frequency-modulation parameter 

t~(~)= ~o~a~(t, v ) - - ( % ~ ( t ,  ~) , 
~p 

the following expression may be obtained from Eq. (14): 

p~(~)=2,v,  A% ( I+R  12. (16) 
Up \ 1 1  - -  R 

I t  f o l l o w s  f rom Eqs .  (15)  and (15)  t h a t  t h e  d e r i v a t i v e s  d D ( ~ ) / d v  and d ~ ( ' 0 ) / d v  u n d e r g o  
a d i s c o n t i n u i t y  a t  t h e  p o i n t  ~ = 0,  which  i n d i c a t e s  t h a t  t h e r e  i s  a s h a r p  change  in  t h e  a m p l i -  
t u d e - m o d u l a t i o n  and f r e q u e n c y - m o d u l a t i o n  p a r a m e t e r s  as  t h e  f r e q u e n c y  ~ i s  a d j u s t e d  away f rom 
t h e  v a l u e  s a t i s f y i n g  Eq. ( 1 0 ) .  T h i s  c i r c u m s t a n c e  can  be u sed  t o  d e t e r m i n e  t h e  a b s o l u t e  v a l u e  
o f  t h e  p r o p a g a t i o n  v e l o c i t y  f o r  t h e  a c o u s t i c  waves .  In  f a c t ,  by v a r y i n g  t h e  i n p u t - v o l t a g e  
m o d u l a t i o n  f r e q u e n c y  f rom z e r o  t o  t h e  v a l u e  ~ = tim s a t i s f y i n g  c o n d i t i o n  ( 1 0 ) ,  i t  i s  p o s s i b l e  
t o  d e t e r m i n e  t h e  l a g  t i m e  �9 = L/v0 f rom t h e  r e l a t i o n  ~mL/v0 = ~(1 + 4 m ) / 2 ,  and t h e n  t h e  v e l -  
o c i t y  a t  which  t h e  waves  p r o p a g a t e ,  v 0. 

Adding t h e  f a c t  t h a t  p a r a m e t e r s  (15)  and (15)  d e s c r i b i n g  t h e  a m p l i t u d e  and f r e q u e n c y  
m o d u l a t i o n  o f  t h e  i n t e r f e r o m e t e r - o u t p u t  v o l t a g e  a r e  e q u a l  t o  z e r o ,  t h e  v a l u e  o f  t h e  f r e q u e n c y  
tim and t h e r e f o r e  t h e  p r o p a g a t i o n  v e l o c i t y  o f  t h e  waves  v0 can  a l s o  be d e t e r m i n e d  t o  h i g h  a c -  
c u r a c y .  

NOTATION 

u0, m0, Am0, ~, and ~0, amplitude, carrier frequency, frequency deviation, modulation 
frequency, and the initial phase of the input voltage, respectively; ~ and % , phase lags 
in the emitting and receiving transducers; ~ and v, absorption coefficient and acoustic-wave 
propagation velocity in the interferometer resonator cavity; L, length of the resonator cav- 
ity; k = u/v; R = rzr2ex p (-2~L); r I exp (i8 I) and r 2 exp (i62), complex coefficients of re- 
flection of waves from the first (emitting) and second mirrors, respectively; ~(~, v) = 2~L/ 
v + 61 + 62; f = m/2~; u 0' and ~', amplitude and frequency of the output voltage; and 
J~(A~0/~), Bessel function of the first kind of order 2; i 2 = -i. 
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